, calcium ions; CDK, cyclin-dependent kinases; DCF, 2′,7′-
| INTRODUCTION
A growing body of evidence supports a dual role for reactive oxygen species (ROS) as signaling molecules. [1] [2] [3] Controlled ROS production regulates normal cellular physiological functions 4 ; but in excess, ROS are detrimental to the cell resulting in cell differentiation and/or cell death. 1, 5, 6 Much recent research has focused on how low levels of intracellular ROS (10-100 nM) regulate tumor growth by facilitating mutagenesis, tumor initiation, and tumor promotion. 6, 7 Members of the NAPDH oxidase (NOX) family play a major role in generating ROS in a broad range of cell types. 1, [8] [9] [10] This 7-membered family is comprised of NOXes 1-5 and DUOX 1 and 2 proteins that function to generate ROS by oxidizing NADPH to NADP + . [11] [12] [13] The vital roles that NOX-mediated ROS play in host defense, metabolism, and the control of vascular tone are well documented. [14] [15] [16] More recently, several studies have reported upregulated RNA and protein expression levels of the NOX family of proteins in human tumors, as well as a link between expression levels and cancer cell proliferation. 6, 9, 10, 17, 18 NOX1 expression has been linked to colon cancer; a role for NOX1 in the etiology of gastric and prostate cancers has also been suggested. 9, 17, 19, 20 Increased NOX4 expression has been found predominantly in tumors of the brain, ovary, and kidney, as well as in melanoma. 9, 17, 21 NOX5 has been measured primarily in the context of prostate, breast, and esophageal cancer [22] [23] [24] [25] ; and DUOX1 and DUOX2 have been found in thyroid, lung, and pancreatic cancers. 9, 17, 26 Of the tumor-associated NOXes reported thus far, the role of NADPH oxidase 5 (NOX5) is the least well understood; largely, this is because of a paucity of animal-based studies due to the lack of NOX5 expression in rodents. [27] [28] [29] Structurally like the other NOXes, NOX5 is anchored to the plasma membrane through its six transmembrane helices that can bind two heme cofactors and allow for NADPH oxidation through a C-terminal FAD/NADPH binding domain. 17, [30] [31] [32] [33] [34] [35] However, although regulated by calcium, NOX5 has no known interaction partner essential for its activity. 29, 35, 36 Several studies report correlations between NOX5 expression and tumorigenesis 23, 37 ;
yet, limited evidence exists detailing the signaling role of NOX5 in tumor biology. Such studies include, but are not limited to, explorations of the role of NOX5 in hairy cell leukemia, 38 ALK-positive anaplastic large-cell lymphoma, 39 prostate cancer, 22, 24, 40 and esophageal adenocarcinoma. 25, 41, 42 Recently, our laboratory reported the characterization of NOX5 expression in human tumors and tumor cell lines using a new NOX5 monoclonal antibody. 22 Preliminary human tumor microarray (TMA) analysis revealed high levels of NOX5 expression, with a frequency of intermediate to strong expression in 57-70% of several human tumors, including prostate cancer and melanoma. 22 Detection of elevated expression levels of NOX5 in a variety of human malignancies led us to further explore the functional significance of NOX5 in the context of tumorigenesis.
In this study, we performed a more detailed evaluation of NOX5 expression across several tumor microarrays to assess the frequency of NOX5 expression in a larger sample of human malignancies. Here, we validate our initial findings and report substantial overexpression of NOX5, compared to histologically normal tissues, in several human cancers including those of prostate and breast and in malignant melanoma. We also report NOX5 expression across a panel of human melanoma cell lines, with the UACC-257 line having the highest endogenous expression. Functional NOX5-derived ROS production in UACC-257 cells regulates normoxic HIF-1α and p27 Kip1 expression.
Additionally, NOX5 overexpression modulates γH2AX levels and the growth of the UACC-257 melanoma line. These results were confirmed in additional human tumor cell models that possess functional NOX5 activity.
| MATERIALS AND METHODS

| Reagents and antibodies
Anti-β-Actin antibody (#A3853) 
| Cell culture and transfection
The human melanoma cell lines LOX IMVI, M14, MALME-3M, 
| Preparation of nuclear extracts and whole cell lysates
| Western analysis
The nuclear extracts and whole cell lysates were mixed with an equal analysis template. This template automatically generated the γ-H2AX standard curve. The average γ-H2AX level for each cell extract was then determined using the standard curve.
| Statistical analysis
Results are expressed as the mean ± S.D. from at least triplicate experiments. Statistical differences between mean values of control and treated samples were assessed using Student's t test; P < 0.05 was considered statistically significant. Significance levels were designated as **, P < 0.01 and ***, P < 0.001 throughout.
3 | RESULTS
| Human melanomas and melanoma cell lines as well as epithelial malignancies express NOX5
Recently, our laboratory reported substantial expression of NOX5 in several human cancers with weak expression in non-malignant tissues. 22 Additionally, an initial screening of human tumor cell lines, including the NCI-60 cancer cell line panel, as well as an evaluation of tumor and adjacent normal tissues from surgical resections, also demonstrated NOX5 expression in breast, prostate, and melanoma cancer cell lines, as well as in human melanomas that had been removed at surgery. 45 To broaden the scope of our initial findings and substantiate the relevance of NOX5 expression in various tumors, here
we performed a comprehensive analysis of the frequency of NOX5
expression over a wide range of tumor microarrays. As observed in To assess the correlation between endogenous and overexpressed NOX5 levels and functional NOX activity, production of both intracellular and extracellular ROS was determined. Intracellular ROS production was visualized by confocal microscopy using the redox-sensitive dye H 2 -DCFDA. As observed in Figure 3A We next determined extracellular superoxide production by the luminol chemiluminescence assay and validated that the measured ROS is NOX5-mediated by using siRNA to specifically downregulate all isoforms of NOX5. In Figure 3C , parental UACC-257 cells (upper panel)
were transiently transfected with either a non-specific scrambled siRNA or with three different NOX5 siRNA primers (primers 1, 2, and 3)
and evaluated for superoxide production after 3 days. Figure 3C Figure 3D shows the stable NOX5 knockdown clones of UACC-257 that have a significant decrease in superoxide production compared to the vector control and that fail to increase superoxide production when treated with PMA, confirming the ROS to be NOX5-mediated.
| NOX5-derived ROS regulates normoxic HIF-1α and p27 Kip1 expression in tumor cell lines of varying histological origins
Because ROS have previously been shown to be part of the signaling cascades regulating HIF-1α under non-hypoxic conditions, 52 we investigated whether NOX5-mediated ROS can regulate HIF-1α in UACC-257 cells. As shown in Figure 4A , under normoxic conditions, increased levels of HIF-1α protein were observed in NOX5 overexpressing clones. Conversely, decreased HIF-1α protein levels were observed in NOX5 knockdown clones (shNOX5). Enhanced normoxic HIF-1α levels were inversely correlated with the levels of the cell cycle regulatory protein p27 kip1 ( Figures 4A and S2A ). To validate our observation that NOX5 overexpression was associated with increased normoxic HIF-1α and decreased p27 kip1 levels, the effect of NOX5 knockdown was next evaluated Figure S4C) . These results strongly suggest that HIF-1α stabilization and p27 Kip1 levels are regulated, at least in part, through NOX5-mediated ROS production in human tumor cells.
| Regulation of nuclear p27
Kip1 accumulation by
NOX5-mediated ROS
It has been documented that reactive oxygen production may be linked to either up-or down-regulation of p27 Kip1 expression, depending on cell context. As shown in Figure 4 , UACC-257 cells exhibit decreased p27 3.5 | NOX5 expression modulates γH2AX levels and growth of human UACC-257 melanoma cells
We next evaluated the effect of NOX5 expression on the growth of UACC-257 cells. As shown in Figure 6A , the UACC257-NOX5 protein expression levels compared to non-malignant prostate cell lines, while no significant difference was observed in clinical specimens. 24 This discordance with our observation of increased NOX5 expression in prostate cancer clinical samples relative to histologically normal prostate tissue could, in part, be due to differences in the sample sizes of the tissues examined and/or the immunohistochemical detection method using different NOX5 antibodies. 24 While epige- 
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Under hypoxic conditions prolyl hydroxylation and ubiquitin-mediated proteasomal degradation of HIF-1α are suppressed, resulting in HIF-1α accumulation and stabilization by dimerization with HIF-1β. 60 As seen in Figure 4F , transcriptional levels of HIF-1α in UACC-257 cells remained unaltered irrespective of an increase or a decrease in NOX5 expression, suggesting that HIF-1α regulation by NOX5 may be primarily translational by one or another oxidant-sensitive effects.
Addition of PEG-catalase and PEG-SOD (to increase intracellular ROS detoxifying capacity) 61 or a ROS scavenger N-Acetyl-L-Cysteine (NAC)
to UACC-257 cells overexpressing NOX5 significantly decreased NOX5-upregulated HIF-1α expression ( Figure 4D ), confirming HIF-1α upregulation to be mediated by NOX5-generated ROS signaling. This normoxic NOX5-ROS-HIF-1α signaling axis sets up a pro-inflammatory milieu that could serve as a potent angiogenic stimulus, conducive to enhanced tumor growth and invasion. 62 Notably, the expression levels of p27 In UACC-257 cells that stably overexpress NOX5, the observed decrease in p27 Kip1 levels may, in part, be transcriptionally regulated since a modest decrease in p27 Kip1 transcript levels was observed ( Figure 4E ). Additionally, in both parental and stable NOX5 overexpressing cells, knockdown of NOX5 increased both nuclear and . 72 Although the role of these cysteines in redox regulation of G1 to S phase is speculative, it is reasonable to suggest that thiol-redox reactions could act as "sulfhydryl switches" that reversibly modulate cell cycle-regulatory protein activity. 73 This hypothesis is supported by our studies of BrdU incorporation (increased S-phase fraction) which may underlie the observed pro-proliferative effects. Redox-dependent downregulation of p27 Kip1 expression in the presence of NOX5 is supported by our experiments using NAC, PEG-Catalase, and PEG-SOD that reversed the effects of NOX5 overexpression ( Figure 4D ).
In support of our findings, lowering oxidative stress by exposing CH72-T4 carcinoma cells to catalase was shown to arrest cells at the G1 phase of the cell cycle and increase p27 Kip1 expression 74 ; addition of cellpermeable SOD to SPC-A-1 lung adenocarcinoma cells inhibited cell proliferation through the Akt/p27 Kip1 pathway. 75 More recently, "noncanonical" roles of p27 Kip1 in the regulation of cell migration have also been described, in addition to effects on other processes such as cell differentiation and apoptosis. 76 Taken together, we speculate that besides a cell cycle regulatory role, redox regulation of p27 Kip1 status in UACC-257 melanoma cells could influence other features of melanoma biology, including cell migration, potentially altering tumor aggressiveness, and metastasis.
Significantly, in the absence of NOX5 expression, the Akt/GSK3
signaling pathway was inhibited in UACC-257 cells, as observed by their decreased phosphorylation ( Figure 5A ). Akt, an important kinase that promotes G1-S phase cell cycle progression by phosphorylating and inactivating glycogen synthase kinase 3 (GSK3) at Ser 9 , is a downstream component of signaling pathways involving protein tyrosine phosphatases (PTPs). 77, 78 Accordingly, in ROS generating NOX5 cells, PTP activity was significantly inhibited (data not shown), offering one plausible mechanism by which NOX5-generated ROS-induced inactivation of PTPs leads to an active Akt kinase, a known regulator of cell cycle genes that control anchorage-independent growth of cancer cells. 78, 79 In addition to the enhanced pro-oxidant tone conferred by NOX5 overexpression, we also observed that UACC-257 cells that overexpress 
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